A curtailed numerical model has been developed to assess the tidal hydrodynamics of entrance of a navigational channel in Abu Dhabi coast, United Arab Emirates. The curtailed model is developed using a finite element based numerical scheme, RMA2 (Donnell et al., 2006) . The boundary conditions for the model were extracted from a large scale numerical model covering entire Abu Dhabi coast, developed using TELEMAC (Hervouet, 2000) modeling software. The hydrodynamic results of the curtailed model are validated with that of large scale model. The comparisons of water levels and current velocities obtained from the two models are found to be in agreement, demonstrating the efficiency and accuracy of the curtailed numerical model. The features of the tidal current pattern in the vicinity of the entrance of the navigational channel are also discussed. The details of the numerical scheme, model setup and methodology are presented and discussed in this paper.
INTRODUCTION
The city of Abu Dhabi, situated off the north-west coast, is the political capital of the United Arab Emirates. The coast consists of several islands, channels and tidal streams due to which the tidal flow exhibits a mixed pattern (Figure 1 ). There are several navigational channels along the coast, which have constantly been dredged. In addition, several developmental activities, for example reclamation of man-made islands, are also going on along the coast of Abu Dhabi. These man-made changes in the coastal topography significantly alter the tidal flow, which require understanding of the tidal hydrodynamics. In general, the tide induced current velocities along the channels are significantly high, of the order of up to 1.5 m/s at some locations, the reason why some parts of the coast experiences constant erosion. It is increasingly become important to understand the existing hydrodynamic characteristics of Abu Dhabi coastline, in order to assess the impact of any other man-made features. Mussafah channel is the primary navigational channel that connects the Gulf to the major ports and ship yards. The entrance of the Mussafah channel is protected with a long breakwater and the tidal currents are significant, especially during the ebbing. The outgoing tide from the channel causes jet like current pattern for several hundred meters, at the entrance. These high current velocities affect the design as well as the sediment movement along the coast, in the immediate vicinity.
In the past, few researchers have studied the hydrodynamic characteristics of the entire Arabian Gulf region [Lardner et al. (1982) , Chu et al. (1988) ]. In recent times, notable extensive studies by Elshorbagy et al. (2006) and Azam et al. (2006) described the flow dynamics of the Arabian Gulf with help of a numerical model investigation. Rakha et al. (2007) developed a hydrodynamic atlas for the Arabian Gulf that enable user friendly data visualization and extraction. Although the hydrodynamics of whole Arabian Gulf is fairly understood, to the best of the author's knowledge, only limited investigation focused on the coast of Abu Dhabi [Mohamed (2002) , Mohamed and Odeh (2004) , Balaji (2010a Balaji ( , 2010b ].
In this study, the hydrodynamic conditions of the entrance of the Mussafah navigational channel are investigated. For this purpose, a curtailed numerical model is developed to understand the tidal current pattern. Curtailed numerical models generally cover a relatively less area of the coastline and are effective in minimizing the computation efforts (Balaji and Trindade, 2010) . Adoption of small mesh enables to represent the coastal features in detail and thereby enhancing the understanding of hydrodynamics. The present study is aimed to estimate the tidal current pattern at the entrance of channel and to demonstrate the capabilities of the curtailed numerical model. Sogreah (2001) has developed a global regional numerical model covering entire Arabian Gulf to be able to carry out marine environment studies along its coasts in the shortest possible time and with the best possible results. The mesh used in the Arabian Gulf model, shown in Figure 2a , represents a relatively fine grid near the coastline and around islands. This model helps in prediction of sea levels and currents in shorter time. The Arabian Gulf model is developed using Telemac modeling system [Telemac (2000) , Hervouet (2000) ], which is capable of simulating free-surface flows in the two dimensions of horizontal space and solves the Saint-Venant equations using the finite-element method on a computation mesh of triangular elements. Telemac modeling system is developed by the Laboratoire National d'Hydraulique et Environnement. Telemac modeling system uses an unstructured mesh technique that allows representing complex coastal features.
PREVIOUS NUMERICAL MODEL STUDIES 2.1. Arabian Gulf Model
The Arabian Gulf model comprises of triangular grids, with meshes varying in size from 1 km to 10 km, depending on depth. The purpose of the hydrodynamic model of the entire Arabian Gulf is to provide boundary conditions for two-dimensional high-resolution local scale coastal models for performing various other coastal studies. This model is developed using hydrographic charts of the different coastal areas around the Gulf. The boundary condition of the model is forced at the Straits of Hormuz, where each of nodes are imposed with a harmonic re-composition of the astronomical tide based on the seven main harmonics namely K1, K2, M2, N2, O1, P1 and S2. These seven main harmonics components are extracted from earlier model studies [Kantha (1995) , Kantha and Tierney (1998) ]. The model is calibrated and validated against tidal data from a large number of stations located around the Gulf. A typical comparison of M2 amplitude with an earlier study is shown in Figure 2b . The results of the Arabian Gulf model are used to provide boundary conditions for several large scale models. 
CURTAILED MODEL OF CHANNEL ENTRANCE 3.1. Brief Software Description
In the present study, the hydrodynamic characteristics of the entrance of the navigational channel is studied using the RMA2 numerical scheme [Donnell et al. (2006) ], which is a time-dependent twodimensional depth integrated finite element hydrodynamic code developed by the U.S. Army Corps of Engineers. RMA2 can be applied to calculate water levels and flow distribution around islands, tidal entrances and estuaries due to static and dynamic boundary conditions. RMA2 is capable of simulating wetting and drying events due to the variations in the tidal elevations.
Model Set-up and Boundary Conditions
The numerical model domain is set-up for the channel entrance covering an area of 11.0 km alongshore and 5.0 km offshore, as can be seen in Figure 6 . The model domain is discretized with a total number of 18281 nodes making a total number of elements of 8647. The average mesh size is about 750 m at the offshore boundary and size of elements is gradually decreased towards shallow waters. The size of smallest mesh along the nearshore is about 20 m. Earlier studies have shown that minimum of 15 discrtizations (x) are needed per tidal wave length (λ) [Le Provost and Vincent (1986) ]. In the present study, the minimum tidal wavelength to mesh size ratio is greater than 100 for the entire numerical model domain. The sea bed levels for the numerical model are extracted from Admiralty charts (No.: 2889 and 2837). A typical view of the meshed model domain can be seen in Figure 7 . The resolution of the grid is increased in the vicinity of important coastal features. 
. Comparison of tidal currents with available measurements
The mesh elements with land borders are imposed with slip boundary conditions, where the flow is restricted in the direction perpendicular to shore. Two tidal boundary conditions (BC1 and BC2), representing the water surface elevations at the end-boundaries, were imposed on the curtailed model; the locations of the same are presented in Figure 6 . One boundary condition, introduced from the sea side of the model, represents the incoming tide and another boundary condition represents the water levels at the curtailed end of Mussafah channel. The input tidal elevations for the present study are extracted from the large scale Abu Dhabi model. 
. Model mesh and bathymetry
After developing the finite element model domain, and specifying boundary conditions, the model is validated. The validation procedure ensures that the present numerical model predicts accurately what was observed in the large scale model. Several model simulations are carried out to specify a range of friction and eddy viscosity coefficients and to validate the model. Bed friction characteristics in RMA2 are basically controlled through Manning's friction coefficient, which is initially applied as 0.03 for all the mesh elements. In the validation process, the friction coefficients are varied systematically throughout the model domain. The final model is employed with Manning's friction coefficients varied between 0.02 and 0.035, depending upon the regional bed features. The energy losses due to the turbulent eddy viscosity are approximated by turbulence exchange coefficients. In the present study, the automatic dynamic assignment of turbulent exchange coefficients, Peclet method, is adopted. The Peclet number, P, as defined below, controls the eddy viscosity depending upon the elemental velocity and mesh size. For flow studies, Peclet number is specified between 15 and 40 [Donnell et al. (2006) and Olsen (1994) ], where as a value of 20 or less is typically recommended for numerical stability [McCollum and Donnell (1994) ].
( 1) Where, ρ is the fluid density, u the average elemental velocity and E eddy viscosity. As the shallow nearshore area experience wetting and drying due to the tidal cycles, the model is employed to simulate the inundation and drying of mesh elements. To maintain the simulation stability, the steady state and dynamic depth convergence of the numerical model is set to 0.001 m, which proved to be sufficed for the validation of the model.
RESULTS AND DISCUSSION
The curtailed hydrodynamic model is run with the tidal forcing mentioned earlier. The tide induced current velocities are obtained at all the nodes. Three distinct locations are selected, as shown in Figure 6 , for the validation of the present numerical model. These three locations represent narrow water area, where the tidal currents are expected to be significant. The comparison of estimated water surface elevations from the present curtailed numerical model to that of extracted from the large scale model at V1 is shown in Figure 8 . It is evident from the figure that the present numerical model predicts the tide elevations with good accuracy. In addition, the tide induced current velocities and their directions are extracted at the selected points and compared with that of large scale model. Typical such comparison, shown in Figure 9 , demonstrates the capability of the present curtailed numerical model. It is also observed from the figure that the current velocities at the entrance of the Mussafah channel (V1) reach up to 1 m/s during the spring tide conditions, as described in Admiralty sailing directions (2005) .
Volume 3 · Number 1 · 2012 The distribution of current velocities, obtained from the present study, for a typical spring and neap tides are presented in Figure 10 and Figure 11 , respectively. It is clear from the results that the current velocities jetting in and out of the navigational channel, during flood and ebb tides. The maximum reach of the currents from the tip of the entrance with an average velocity of 0.25 m/s is observed to be about 2.5 km and 2 km for spring and neap tides, respectively. Interestingly, the maximum reach is appears to be more for ebbing tide than flood tides. It is to be highlighted here that these detailed insight features of the current pattern can only be obtained from numerical models with finer meshes. For a coastline like Abu Dhabi's, featuring many islands and tidal channels, curtailed models are effective in representing the finer coastal features. At the same time, setting up of stand-alone local scale models is not possible, as the boundary conditions are not available at specific locations. To overcome these problems, localized models with boundary forcing from a large scale model, a methodology adopted in the present study, will be helpful. 
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